6-Tuliposides A and B, the glucose esters of 4-hydroxy-2-methylenebutanoate and (3S)-3,4-dihydroxy-2-methylenebutanoate respectively, are major secondary metabolites in the tulip (Fig. 1) . [1] [2] [3] [4] [5] Tulip tissues accumulate large amounts (about 2% wt/fr. wt) of tuliposides, and tulipalins A and B, the lactonized aglycons of 6-tuliposides A and B respectively ( Fig. 1) , are far less abundant than tuliposides. 5, 6) Tulipalins show antimicrobial activities against a broad range of strains of bacteria and fungi, in which tulipalin A functions as an antifungal agent rather than an antibacterial, while tulipalin B functions in the opposite manner. [1] [2] [3] [6] [7] [8] [9] [10] [11] [12] [13] In addition, tulipalin A has been reported to exhibit high insecticidal activity. 14, 15) Thus tulipalins are considered to serve as a chemical defense for tulip plants against microbial infection and herbivorous insect predation, and tuliposides function as storage forms for active tulipalins. 6, 10, 16) Since tuliposides are converted spontaneously to tulipalins under neutral to basic conditions, 3, 6, 17) the conversion reactions were long considered to occur non-enzymatically in planta until our recent discovery of tuliposide-converting enzyme (TCE) (EC. 2.3.1.-) in the tulip.
We purified and characterized TCE from tulip bulbs 16) and petals 18) as actively catalyzing the conversion of tuliposides to tulipalins, with 6-tuliposide A the best substrate, and the enzyme was referred to as tuliposide A-converting enzyme (TCEA) (Fig. 1) . Although all parts of the tulip show TCE activity, 16, 18, 19) the TCE activity ratios toward 6-tuliposides A and B in the crude extracts differ from tissue to tissue and correlate well with the ratios of 6-tuliposide A and B content in each tissue. 18) Hence the presence of tuliposide B-converting enzyme (TCEB), which preferentially catalyzes the conversion of 6-tuliposide B to tulipalin B, has been suggested ( Fig. 1) . 18) During the course of our characterization of TCEA, we found that enzymatic characters differ between the bulb and petal enzymes with respect to chromatographic behaviors, specific activities, and molecular masses. 18) Most recently, we identified the TgTCEA gene encoding TCEA from tulip petals. This was the first identified member of the lactone-forming carboxylesterases, specifically catalyzing intramolecular transesterification. 18) The TgTCEA gene was functionally transcribed in the roots, stems, leaves, petals, stamens, and pistils, but no transcription was observed in the bulbs, confirming distinct enzymatic characteristics at least as between bulbs and petals. These facts strongly suggest the possibility that bulb TCEA is encoded by a gene different from the TgTCEA isolated from petals. Here, to confirm this hypothesis, as well as to investigate the functional diversity of TCEA in the tulip, the TgTCEA-b gene, the TgTCEA homolog, was newly isolated from bulbs. TgTCEA-b shared some features with TgTCEA 6-Tuliposide A is converted to tulipalin A by TCEA. The presence of TCEB, catalyzing the conversion of 6-tuliposide B to tulipalin B, has been suggested, 18) but not yet confirmed. The 1-and 1-anomers are present in 6-tuliposides A and B in tulip plants, and both anomers serve as substrates for TCEs.
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Materials and Methods
Plant materials and growth conditions. All experiments were performed using tulip (Tulipa gesneriana) cultivar Murasakizuisho. The bulbs were purchased from the Toyama Bulb Growers Association (Toyama, Japan). The bulbs were left in the dark at 15 C for 2 weeks and then at 4 C for 8 weeks for vernalization prior to cultivation. The plants were cultivated hydroponically in a greenhouse at 20/15 C (day/night) under a 12-h photoperiod, and tissues were collected at the flowering stage. For cDNA cloning and enzyme purification, bulbs before vernalization treatment were used.
Chemicals. 6-Tuliposides A and B and tulipalin B were prepared as described previously. 18) Tulipalin A (-methylene--butyrolactone) was purchased from Tokyo Chemical Industry (Tokyo).
Crude enzyme extraction from bulbs. Bulbs were separated into four layers of scale (first through fourth layers: the outermost layer was referred to as the first) and a shoot. Freeze-dried tissue was ground to a fine powder by mortar and pestle, followed by extraction with 10 mM potassium phosphate (KPi) buffer (pH 7.0). After centrifugation (21;500 Â g, 20 min, 4 C), the supernatant was used to measure the enzyme activity for 6-tuliposide A.
Enzyme assay. Standard enzyme assays were done using 4 mM 6-tuliposides A and B as substrates, and the reaction products were detected by HPLC following Nomura et al. 18) Enzyme reactions for the determination of kinetic parameters for 6-tuliposides A and B were also as described previously. Kinetic parameters were calculated by nonlinear fitting of the data to the Michaelis-Menten equation using SigmaPlot 2001 (Systat Software, San Jose, CA, USA).
Protein analysis. N-Terminal amino acid sequencing of TCEA purified from the bulbs, and detailed data analysis to retrieve mixed peptide sequences with heterologous N-termini, were performed by a professional service (APRO Life Science Institute, Naruto, Japan). Protein concentrations were determined with a Protein Assay Kit (Bio-Rad, Hercules, CA, USA) based on the method of Bradford 20) using bovine serum albumin as standard. The molecular masses of the enzyme in native and denatured forms were estimated by gel-filtration and SDS-PAGE analysis respectively, following Nomura et al.
18)
Cloning of TgTCEA-b cDNAs. Total RNA was isolated from the freeze-dried first layer of bulb scale by an SDS-phenol method. After DNase I treatment and repurification by phenol-chloroform treatment and ethanol precipitation, cDNA was synthesized with SuperScript III reverse transcriptase (1 mg of total RNA in 20 mL of reaction mixture; Invitrogen, Carlsbad, CA, USA), and subsequently used as template for PCR with degenerate primers (Supplemental Table S1 ; see Biosci. Biotechnol. Biochem. Web site). Two forward primers (TCEA-N-F1 and TCEA-N-F2) were designed based on the N-terminal peptide sequence, ALDDEIVLD, of the TCEA purified from the bulbs, 16) and two reverse primers (Internal-R1 and Internal-R2) were designed based on the conservative amino acid sequences (V/I)Y(Y/F)HGG(G/A)(F/M) around the HGG-motif of plant /-hydrolase fold proteins, of which TCEA-N-F2 and Internal-R2 were nested primers. PCR was performed as follows: 2 min at 94 C, followed by 30 cycles of amplification (30 s at 94 C, 1 min at 45 C, and 1 min at 72 C) in a 20-mL reaction mixture containing 5 ng of cDNA, 0.5 mM primers, 0.2 mM dNTPs, 1Â reaction buffer, and 0.5 U of Blend Taq DNA polymerase (Toyobo, Osaka, Japan). The second PCR was performed using 1 mL of diluted (1:50) first-PCR reaction mixture as template under the same conditions as for the first PCR. All possible primer combinations were tested for first and second PCR. The second PCR products (about 230 bp), amplified by the primer combinations TCEA-N-F2/Internal-R1 for the first PCR and the TCEA-N-F2/Internal-R2 for the second PCR, were cloned into a pT7Blue T-vector (Novagen, Merck KGaA, Darmstadt, Germany) and sequenced, resulting in the isolation of a 224-bp fragment. To isolate its 5 0 and 3 0 missing parts, 5 0 and 3 0 RACE-PCR was performed, for which the poly(A) RNA was purified from total RNA with a MicroPoly(A)Purist Kit (Ambion, Austin, TX, USA), and the cDNA was synthesized with a SMART RACE cDNA Amplification Kit (Clontech, Mountain View, CA, USA). 5 0 RACE was performed with gene-specific primer bTCEA-5RACE-R1 (Supplemental Table S1 ) and an adaptor primer, as follows: 2 min at 94 C, followed by 30 cycles of amplification (30 s at 94 C, 30 s at 55 C, and 1 min at 72 C) in a 20-mL reaction mixture containing 4 ng of cDNA, 1Â Universal Primer A Mix, 0.5 mM bTCEA-5RACE-R1 primer, 0.2 mM dNTPs, 1Â reaction buffer, and 0.5 U of Blend Taq DNA polymerase. Then the second PCR was performed using 1 mL of diluted (1:50) first-PCR reaction mixture as template in the same reaction mixture as for the first PCR, except for the use of 0.5 mM Nested Universal Primer A and 0.5 mM gene-specific primer bTCEA-5RACE-R2 (Supplemental Table S1 ). The PCR conditions were as follows: 2 min at 94 C, followed by 30 cycles of amplification (30 s at 94 C, 30 s at 70 C, and 1 min at 72 C). The first PCR for 3 0 RACE was performed under the same conditions as for 5 0 RACE, except for the use of gene-specific primer bTCEA-3RACE-F1 (Supplemental Table S1 ). Then the second PCR was performed using 1 mL of diluted (1:50) first-PCR reaction mixture as template in the same reaction mixture as for the first PCR, except for the use of 0.5 mM Nested Universal Primer A and 0.5 mM gene-specific primer bTCEA-3RACE-F2 (Supplemental Table S1 ). The PCR conditions were as follows: 2 min at 94 C, followed by 30 cycles of amplification (30 s at 94 C, 30 s at 55 C, and 1 min at 72 C). The second PCR products of 5 0 and 3 0 RACE were cloned into pT7Blue T-vector and sequenced. Finally, the entire coding region of the TgTCEA-b cDNA was obtained by PCR using bulb cDNA (synthesized as above for 5 0 RACE) as template with bTCEA-full-F1 and bTCEA-full-R1 primers (Supplemental Table S1 ), which were designed from the 5 0 and 3 0 untranslated regions respectively. The reaction was performed as follows: 2 min at 94 C, followed by 35 cycles of amplification (10 s at 98 C, 30 s at 60 C, and 1 min at 68 C) in a 50-mL reaction mixture containing 4 ng of cDNA, 0.5 mM primers, 0.2 mM dNTPs, 1.5 mM MgSO 4 , 1Â reaction buffer, and 1 U of KOD-Plus Neo DNA polymerase (Toyobo). The PCR products were cloned into the HincII site of a pUC19 vector, and 12 clones were sequenced to yield TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3.
Cloning of TgTCEA-b genomic sequences. Genomic DNA was isolated from leaves using a DNeasy Plant Mini Kit (Qiagen, Tokyo). Genomic PCR was performed using 50 ng of genomic DNA as template under the same conditions as for RT-PCR to yield full-length TgTCEA-b cDNAs. The PCR products were cloned into the HincII site of a pUC19 vector, and 12 clones were sequenced.
Expression and purification of recombinant enzymes. Full-length cDNAs (TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3) were used as templates for PCR to prepare DNA fragments corresponding to the mature TgTCEA-b enzymes, whose N-termini start from ALDD (Supplemental Fig. S1 ). The primer sequences used are shown in Supplemental Table S1 (bTCEA-fus-F1/bTCEA-fus-R1 primers for TgTCEA-b1 and TgTCEA-b2, and bTCEA-fus-F3/bTCEA-fus-R1 primers for TgTCEA-b3). The resulting fragments were inserted into the NdeI site of a pET28a vector (Novagen) with an In-Fusion HD Cloning Kit (Clontech). The plasmids were introduced into Escherichia coli strain BL21-CodonPlus (DE3)-RIL (Stratagene, La Jolla, CA, USA) for expression of the N-terminal His-tagged enzymes.
Culturing of recombinant E. coli, induction of enzyme expression, and extraction and purification of the recombinant enzyme with TALON His-Tag Purification Resin were performed as described previously. 18) For preparation of the His-tagged enzyme, the enzyme eluted from the TALON resin was subjected to gel-filtration chromatography on Superdex 200 (GE Healthcare, Little Chalfont, UK). For preparation of the His-tag-truncated enzyme, the TALON fraction was treated with a thrombin (Sigma, St. Louis, MO, USA) (3 U mg À1 of recombinant enzyme) overnight at 4 C. Then the enzyme solution was subjected to Superdex 200 column chromatography.
The previously identified petal enzyme TgTCEA1 18) was also expressed using the NdeI site of the pET28a vector to prepare His-tagtruncated recombinant enzyme as for the bulb enzymes. In our previous study the His-tagged enzyme, expressed using the BamHI/ XhoI sites of the pET28a vector, was characterized. In doing so, we amplified the TgTCEA1 cDNA fragment corresponding to the mature polypeptides whose N-terminus starts from ALDD by PCR using the TgTCEA1/pUC19 plasmid as template with TgTCEA1-fus-F1/ TgTCEA1-fus-R1 primers (Supplemental Table S1 ). Plasmid construction, protein expression, and purification of the His-tag-truncated enzyme were performed as described above for the bulb enzymes.
Purification of TCEA from bulbs. KPi buffer (pH 6.0) was used throughout the purification procedure. Frozen tulip bulbs (200 g fresh weight) were smashed with a hammer, suspended in 1 L of 50 mM buffer, homogenized with a blender (Waring, LBC15) for several minutes, filtered through cheesecloth, and centrifuged (18;800 Â g, 20 min) to remove plant residues. The supernatant was diluted to 5 L with water and applied to a DEAE-Toyopearl column (2:5 Â 20 cm; Tosoh, Tokyo) equilibrated with 10 mM buffer, and the enzyme was eluted with a linear gradient of NaCl (0 mM-100 mM) in 100 mM buffer. The active fractions identified by enzyme assay using 6-tuliposide A as substrate were collected and then brought to 30% ammonium sulfate saturation. The solution was applied to a Butyl-Toyopearl column (1:5 Â 6 cm; Tosoh) equilibrated with 100 mM buffer containing 30% saturated ammonium sulfate. The active fractions were then eluted with a linear gradient of ammonium sulfate (30%-5% saturation) in 100 mM buffer, combined, and dialyzed. The resulting enzyme solution was loaded on a CFT Ceramic Fluoroapatite column (1:5 Â 5:5 cm; Bio-Rad) equilibrated with 10 mM buffer. The enzyme was eluted with a linear gradient of the buffer (10 mM-1 M), and the active fractions were collected and dialyzed. The following purification step was carried out using an Ä KTA Explorer System (GE Healthcare). The enzyme solution was applied to a Resource Q (1 mL) column (GE Healthcare) equilibrated with 10 mM buffer and eluted with a linear gradient of NaCl (0 mM-125 mM) in 10 mM buffer at 1 mL min À1 . The three separated active fractions were collected and concentrated by ultrafiltration.
Transcript analysis. Total RNA was isolated from the bulbs (each of the four layers of scale and a shoot) and the other tissues (root, stem, leaf, petal, stamen, and pistil). The tissues of three to five plants were pooled for extraction to average out biological errors, and the cDNA was synthesized following Nomura et al.
18) Semi-quantitative PCR for the TgTCEA-b and TgTCEA genes in each part of bulbs was performed as follows: 2 min at 94 C, followed by 30 and 35 cycles of amplification (30 s at 96 C, 30 s at 60 C, and 1 min at 72 C) in a 20-mL reaction mixture containing 10 ng of cDNA, 0.5 mM primers, 0.2 mM dNTPs, 1Â reaction buffer, and 0.2 U of Blend Taq DNA polymerase. The TgTCEA-b cDNAs were amplified with primers bTCEA-RT-F1/bTCEA-RT-R1 (Supplemental Table S1 ), which amplified the TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3 genes, and the TgTCEA cDNAs with primers TgTCEA-RT-F1/TgTCEA-RT-R1 (Supplemental Table S1 ), which amplified both the TgTCEA1 and the TgTCEA2 gene. As an endogenous standard, tulip glyceraldehyde-3-phosphate dehydrogenase (TgGAPDH1, GenBank accession no. AB500108) was amplified with primers GAPDH-F/GAPDH-R (Supplemental Table S1 ) using 2 ng of cDNA as template.
Quantitative RT-PCR for the TgTCEA-b genes in each tulip tissue was performed with primers bTCEA-RT-F1/bTCEA-RT-R1 (Supplemental Table S1 ). PCR was performed in triplicate (technical replicates) on a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) under the following conditions: 30 s at 95 C, followed by 40 cycles of amplification (5 s at 95 C and 34 s at 60 C) in a 10-mL reaction mixture containing 10 ng of cDNA, 0.2 mM primers, 0.2 mL of ROX Reference Dye II (Takara Bio, Otsu, Japan), and 5 mL of SYBR Premix Ex Taq (Takara Bio). A standard curve was made for each experiment with a dilution series of the known quantities of a TgTCEA-b1/pUC19 plasmid as template. The specificity of the amplification was verified by melt-curve analysis.
Subcellular localization analysis of TgTCEA-b1. The coding sequences of TgTCEA-b1 for the putative transit peptide (TP) at the N-terminus (residues 1-68; TP68) and for the manure polypeptides (residues 69-374) were amplified by PCR using TgTCEA-b1/pUC19 plasmid as template with primer sets bTCEA-rep-F1/bTCEA-rep-R2 and bTCEA-rep-F2/bTCEA-rep-R1 (Supplemental Table S1 ) respectively. PCR was performed as follows: 2 min at 94 C, followed by 30 cycles of amplification (10 s at 98 C, 30 s at 60 C, and 1 min at 68 C) in a 50-mL reaction mixture containing 0.1 ng of template plasmid, 0.5 mM primers, 0.2 mM dNTPs, 1.5 mM MgSO 4 , 1Â reaction buffer, and 1 U of KOD-Plus Neo DNA Polymerase. The resulting fragments were inserted into the NcoI site of GFP expression plasmid PCaMV35Somega-sGFP(S65T)-nos3 021) with an In-Fusion HD Cloning Kit (Clontech) and sequenced to obtain plasmids to express Cterminal GFP-fused proteins, TgTCEA-b1(TP68)-GFP and TgTCEAb1(mature)-GFP. Transient expression of the fusion proteins in onion epidermal cells and microscopic signal detection were performed as described previously.
18) PCaMV35Somega-sGFP(S65T)-nos3 0 without an insert and pWxTP-DsRed 22) were also bombarded as controls for cytosolic and plastidial protein localization respectively.
Results and Discussion
Isolation of TgTCEA-b cDNAs from tulip bulbs Tulip bulbs consist of four layers of scale and a shoot with several leaf primordials and the developing flower. In order to find a bulb part suitable for cloning the gene for bulb TCEA, first we measured TCEA activity in the crude extracts of individual bulb parts. As shown in Fig. 2 , TCEA activity was detected in the bulb scales, but was barely detectable in the shoot, and activity did not differ greatly among the layers of scale. Hence, we chose the first (outermost) layer of scale for cDNA cloning.
In order to design degenerate primers for RT-PCR cDNA cloning, native TCEA purified from bulbs 16) was subjected to N-terminal amino acid sequencing, but this resulted in the detection of multiple amino acids at each Edman degradation cycle regardless of the homogeneity of the enzyme, as confirmed by SDS-PAGE and gelfiltration analyses. This was the case for the TCEA purified from the petals as well, and it has been suggested that a relaxed recognition of the cleavage site of the N-terminal propeptide, which functions as a plastid-targeted signal, accounts for the heterologous N-terminus of the mature enzyme. 18) By examination of the sequencing data for bulb enzyme in detail, presence of four varieties of N-terminal sequences was predicted: SPSPT, SPTAL, ALDDE, and DDEIX, which can be combined as SPSPTALDDEI. Of those, the third sequence, ALDDE, was most highly detected. Since this sequence can also be found in the TgTCEA polypeptides identified from petals, 18) amino acid sequence of the corresponding region of the petal TgTCEA polypeptides, ALDDEIVLD, was used in designing the forward degenerate primers for RT-PCR (Supplemental Table S1 ). Internal degenerate primers were designed based on the conservative amino acid sequences around the HGG-motif of the plant /-hydrolase fold proteins, including carboxylesterase family proteins 23, 24) (Supplemental Table S1 ). Degenerate RT-PCR using mRNA isolated from the first bulb scale resulted in the amplification of a 224-bp fragment. Its 5 0 and 3 0 missing parts were amplified by 5 0 and 3 0 RACE-PCR, and then RT-PCR was conducted with the primers in the 5 0 and 3 0 untranslated regions. This resulted in the isolation of three full-length cDNAs, TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3 (b for bulb; GenBank accession nos. AB749806-AB749808).
Three TgTCEA-b cDNAs encoded polypeptides of 374 amino acids, and they contained the sequence ALDD(E/D)IVLD (Supplemental Fig. S1 ), from which the N-terminal degenerate primers were designed. The TgTCEA-b cDNAs showed 99.3-99.5% identity to each other and approximately 85% identity at nucleotide level to the TgTCEA1 and TgTCEA2 cDNAs identified in the petals.
18) The TgTCEA-b polypeptides were highly similar to each other, with only two or three amino acid differences, but were apparently different (approximately 77% identity) from the TgTCEA1 and TgTCEA2 polypeptides (Supplemental Fig. S1 ). The TgTCEA-b polypeptides possessed typical sequence motifs for carboxylesterases, including the HGG-motif (residues 142-144), the two of which Gly residues are involved in the oxyanion hole structure in the process of acylenzyme complex formation, and catalytic triad residues Ser, Asp, and His (residues 226, 316, and 348 respectively) at positions corresponding to those in the petal TgTCEA enzymes (Supplemental Fig. S1 ).
Genomic PCR with the primers used in the cloning of the full-length TgTCEA-b cDNAs resulted in the isolation of genomic sequences corresponding to TgTCEA-b1, to TgTCEA-b2, and to TgTCEA-b3. A comparison of cDNA and genomic sequences revealed that the genes contained no intron, like the petal TgTCEA genes. 18) In the course of cDNA cloning, in addition to the TgTCEA-b1, TgTCEA-b2, and TgTCEAb3 cDNA clones, four further cDNA clones were isolated (GenBank accession nos. AB749809-AB749812). These contained only a few single-nucleotide polymorphisms relative to TgTCEA-b1, but no genomic clones corresponding to these cDNA clones were obtained. Since only TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3 were obtained from cDNA and from genomic DNA, further enzymatic characterization was conducted with them.
Enzymatic characterization of recombinant TgTCEA-b enzymes
Mature TgTCEA-b polypeptides starting from ALDD (Supplemental Fig. S1 ) were efficiently expressed as Nterminal His-tagged proteins in a soluble protein fraction in E. coli. The His-tagged and His-tag-truncated enzymes were purified by metal chelation and gel-filtration chromatography. For removal of 17 vector-derived amino acids, including His-tag, the metal affinitypurified enzyme was treated with thrombin prior to gel-filtration. After thrombin digestion, only four vectorderived amino acids, GSHM, remained at the Nterminus of the recombinant enzyme. Enzyme homogeneity and removal of His-tag-containing strap were confirmed by SDS-PAGE (Fig. 3) . The purified His-tagtruncated enzymes appeared as a 34-kDa band on SDS-PAGE, and the native molecular mass was estimated to be 87 kDa by gel-filtration, indicating that the recombinant enzymes were expressed as dimers, like the native bulb enzyme. 16) The specific activities of the purified His-tag-truncated TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3 enzymes for 6-tuliposide A were 1,210 U mg À1 , 715 U mg À1 , and 714 U mg À1 respectively, while those for 6-tuliposide B were 86.2 U mg À1 , 91.1 U mg À1 , and 115 U mg À1 respectively. Because about 2-fold higher activities were detected on removal of the His-tag, the activity of TgTCEA1, identified previously from petals, 18) was reassessed with the His-tag truncated enzyme (Supplemental Fig. S2 ). Its activities for 6-tuliposides A and B were 1,680 U mg À1 and 79.1 U mg À1 respectively, higher than the activities reported previously and close in value to native TCEA purified from the petals (2,260 U mg À1 and 148 U mg À1 for 6-tuliposides A and B respectively).
18) The increment in catalytic activity due to shortening the vector-derived additional sequence appears to be valid in view of the proper and stable conformation of the enzyme.
The kinetic parameters of the purified His-tag-truncated enzymes were determined for 6-tuliposides A and B (Table 1 ). The K m and k cat values of the TgTCEA-b enzymes for 6-tuliposide A were remarkably lower and higher respectively than those for 6-tuliposide B, which resulted in approximately 10-20 fold higher catalytic efficiency (k cat /K m ) for 6-tuliposide A than for 6-tuliposide B. The higher catalytic efficiency for 6-tuliposide A due to lower K m and higher k cat values for 6-tuliposide A than for 6-tuliposide B was similar to the petal TgTCEA1 enzyme. These results verify that the TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3 genes encode TCEA.
Reassessment of bulb TCEA activity
TgTCEA-b1 exhibited the highest TCEA activity (1,210 U mg À1 ) of the three TgTCEA-b enzymes, but this was much lower than the activity of the purified bulb enzyme (42,200 U mg À1 ) as reported previously. 16) In order to reassess the specific activity of the native bulb enzyme, we purified again the TCEA from bulbs of tulip cv. Murasakizuisho, which has been used throughout our studies. Through four steps of column chromatography, the enzyme was purified 12 to 18-fold. The activity was separated into three isoforms by anionexchange chromatography on ResourceQ, isoform 1 of which was the major fraction and the other two minor (Supplemental Table S2 ). Isoforms 1 and 3 gave single bands on SDS-PAGE with slightly different migration (33 kDa and 35 kDa respectively), and isoform 2 gave two bands, of 33 kDa and 35 kDa (Supplemental Fig. S3A ). Considering that TCEA is a dimeric enzyme 16, 18) and that a single band was detected on native-PAGE for each of the three isoforms (Supplemental Fig. S3B ), the isoforms 1 and 3 appeared to be homodimers, and isoform 2 is likely to be a heterodimer of the subunits corresponding to the two bands on SDS-PAGE. By comparison of migration on SDS-PAGE among the three TCEA isoforms and the three TgTCEAb recombinant enzymes, three TgTCEA-b enzymes were found to exhibit similar migration to the 33-kDa band of isoforms 1 and 2, but not to the 35-kDa band of isoforms 2 and 3 (Supplemental Fig. S4 ). N-Terminal amino acid sequencing of the 33-kDa band of isoform 1 resulted in the detection of multiple amino acids in each Edman degradation cycle, but the sequence ALDDE was most highly detected, as described above for TCEA purified previously from bulbs, suggesting that TgTCEA-b1 or TgTCEA-b2 encodes the 33-kDa subunit of isoforms 1 and 2. On the other hand, the N-terminal sequence of the 35-kDa band of isoform 3 was found to be LEDEI, which appears to correspond to the LDDEI region of TgTCEA-b1 and TgTCEA-b2, but none of the three TgTCEA-b enzymes had this sequence around the Nterminus. These results suggest the presence of another TgTCEA-b gene encoding the 35-kDa subunit of isoforms 2 and 3. Considering that isoforms 2 and 3 were purified from minor activity fractions, the absence of such gene in cDNA cloning appears due to its lower transcript level.
The specific activities of the three isoforms for 6-tuliposides A and B are listed in Supplemental Table S3 . The higher activities for 6-tuliposide A (808 to 1,270 U mg À1 ) than for 6-tuliposide B (81.5 to 163 U mg À1 ) verify that the enzymes purified were the TCEA. However, the activities were much lower than those reported previously, 16) and were rather close in value to those of the TgTCEA-b recombinant enzymes, indicating the validity of the TgTCEA-b genes as encoders of the bulb TCEA. As of now, the reason for the discrepancy in the specific activities of the native bulb enzymes as between previous study and the present study is unknown. Considering that the minor isoforms purified in this study were not found in previous purification from the same cultivar, 16) seasonal variation made a difference in the TCEA isoforms expressed predominantly in the bulbs.
Transcript profiles of TgTCEA-b genes in the tulip tissues TgTCEA-b genes are highly identical to each other (99.3-99.5% identity at the nucleotide level), with six to seven single-nucleotide polymorphisms, and thus it is difficult to design primers for RT-PCR specific to each of the genes. Hence, RT-PCR was performed using primers common to TgTCEA-b1, TgTCEA-b2, and TgTCEA-b3. First we examined the transcript levels of the TgTCEA-b genes by semi-quantitative RT-PCR in each part of the bulbs, the four layers of scale, and a shoot. The TgTCEA-b genes were transcribed at comparable levels among the scales, but at a much lower level in the shoot (Fig. 4A ). This profile correlated well with that of the TCEA activities in the crude extracts of the individual parts (Fig. 2) . We have reported that TgTCEA genes isolated from petals were not transcribed in bulb scales. 18) In accord with this, the RT-PCR for the TgTCEA genes amplified no products in any layers of the scale, but it was found that the TgTCEA genes were transcribed faintly in the shoot.
The transcript levels of the TgTCEA-b genes were compared among the different tissues by quantitative RT-PCR analysis. As shown in Fig. 4B , transcription of the TgTCEA-b genes was not specific to the bulbs, contrary to our expectations, but was detected in every tissue examined. The transcript levels were highest in the pistils and second highest in the bulbs, and were much lower in the other tissues. When the transcript levels of the TgTCEA-b genes were compared to those of the TgTCEA genes, 18) the TgTCEA genes were expressed predominantly in tissues other than the bulbs, whereas in the bulbs the TgTCEA-b genes were expressed exclusively. These results clearly indicate a tissue preference for the transcription of the TgTCEA and TgTCEA-b isozyme genes.
Subcellular localization of TgTCEA-b enzymes
To examine the subcellular localization of the TgTCEA-b1 enzyme, a plasmid was constructed to express the putative transit peptide (TP) of TgTCEA-b1 (residues 1-68, TP68; Supplemental Fig. S1 ) fused to the N-terminus of GFP under the control of the cauliflower mosaic virus 35S promoter, and was introduced into onion (Allium cepa) epidermal cells by particle bombardment. After transient expression, the fluorescence signals were analyzed with a confocal laser scanning microscope. In the expression of the fusion protein TgTCEA-b1(TP68)-GFP, green fluorescence was localized to the dotted organelles (Fig. 5) , whose size and the pattern matched well the characteristics of plastids 25, 26) and were highly similar to those of WxTPDsRed, a positive control for plastidial localization, which expresses plastid-targeted TP of Waxy protein fused to DsRed. 22) On the other hand, when mature TPtruncated polypeptides of TgTCEA-b1 (residues 69-374) were fused to GFP, the fluorescence pattern was the same as that of cytosolic GFP (Fig. 5) . These results indicate that the N-terminal TP of TgTCEA-b1 functions as a signal for plastid sorting of the mature TgTCEA-b1 enzyme. Judging from the identity of the signal sequences (Supplemental Fig. S1 ), all three TgTCEA-b enzymes are localized to the plastids. We have found that the TgTCEA enzymes identified in the petals are also localized to the plastids.
18) It is of interest that the N-terminal TPs of both the TgTCEA-b and the TgTCEA enzyme function as plastid-targeted signals in spite of sequence divergence relative to the mature polypeptide regions (Supplemental Fig. S1 ). The cytological mechanism of TgTCE-mediated tulipalin formation in the tulip defensive strategy, which we proposed previously, 18) probably works in the bulbs as well. 6-Tuliposide A and TgTCEA-b, which are compartmentalized in the vacuoles and plastids respectively, in intact cells, come into contact with each other for the enzyme reaction releasing toxic tulipalin A upon cell disruption by pathogen infection or herbivore predation.
Both the TgTCEA-b and the TgTCEA enzyme, identified in bulbs and petals respectively, are plastidial enzymes, and their catalytic properties do not differ greatly. Nevertheless, why are TgTCEA-b enzymes expressed in the bulb scales, but not the TgTCEA enzymes? The bulb scales are the storage tissues for starch, which accumulates in the amyloplasts, a mature plastid in which most of the internal volume is filled with starch. [27] [28] [29] It is most likely that the TgTCEA-b enzymes are co-localized with starch granules in the amyloplasts in scale cells. TgTCEA-b enzymes might be better adapted than TgTCEA enzymes to exist stably in such starchy conditions. Alternatively, considering that tulip bulbs harvested in early summer are stored at ambient temperature until planting in mid/late autumn, higher stability is required for the bulb enzymes, and TgTCEA-b might be more suited to such situations. The fact of highest TCEA activity in bulb scales of the tulip tissues 18) regardless of the lower transcript levels of the TgTCEA-b genes in bulb scales than those of the TgTCEA genes in the other tissues, reflects high stability of the TgTCEA-b enzymes as compared to the TgTCEA enzymes.
